The existence of anaerobic ammonium oxidation (anammox) was hypothesized based on nutrient profiles and thermodynamic calculations (5, 31, 44) . It was first discovered about 1 decade ago (25) in a pilot plant treating wastewater from a yeast-producing company in Delft, The Netherlands. The anammox reaction is the oxidation of ammonium under anoxic conditions with nitrite as the electron acceptor and dinitrogen gas as the product. Hydroxylamine and hydrazine were identified as important intermediates (51) . Due to their very low growth rates (doubling time in enrichments is at best 11 days) the cultivation of the anammox bacteria proved to be tedious and required very efficient biomass retention (41, 43) . A physical purification of anammox organisms from enrichment cultures was achieved with percoll density centrifugation (42) . The purified cells performed the anammox reaction after activation by hydrazine. Based on phylogenetic analysis, the discovered anammox organism branched deep in the Planctomycetes phylum ( Fig. 1A and B, [42] ) and was named "Candidatus Brocadia anammoxidans" (19) .
After the first discovery, nitrogen losses, which could only be explained by the anammox reaction, were reported in other wastewater treatment facilities including landfill leachate treatment plants in Germany, Switzerland, and England (11, 14, 15, 36) , as well as in semitechnical wastewater treatment plants in Germany (34) , Belgium (30) , Japan (12) , Australia (48) , and the United States (10, 45) . Molecular techniques showed the presence of organisms affiliated with the anammox branch within the Planctomycetes in all these wastewater treatment plants.
Nutrient profiles and 15 N tracer studies in suboxic marine and estuarine environments indicated that anammox is also a key player in the marine nitrogen cycle (8, 46, 49) . In addition, 16S rRNA gene analysis, fluorescence in situ hybridization (FISH), the distribution of specific anammox membrane lipids, nutrient profiles, and tracer experiments with [ 15 N]ammonia showed the link between the anammox reaction and the occurrence of the anammox bacterium "Candidatus Scalindua sorokinii" in the suboxic zone of the Black Sea (20) .
The anammox reaction has also been tested for implementation for full-scale removal of ammonia in wastewater treatment (13, 52, 53) . The detection and identification of active anammox organisms in environmental samples combined with information on environmental conditions can facilitate the search for possible biomass sources to be used as an inoculum for laboratory, semitechnical, or full-scale anammox reactors. Additionally, such information could provide insights into the niche differentiation of anammox organisms. This review summarizes the recent advances made in the 16S rRNA genebased techniques for the detection of anammox bacteria. A convenient PCR detection method for anammox organisms is presented in which anammox-specific FISH probes were used as primers. Furthermore, methods which link activity and the detection of anammox bacteria, such as the combination of FISH and microautoradiography (FISH-MAR) (22) as well as FISH targeting the intergenic spacer region (ISR) between the 16S and 23S rRNA are discussed and compared to conventional methods to detect anammox activity.
Each of these approaches by itself only addresses limited aspects, such as abundance, activity, or physiology. Thus, a combination of rRNA-based and non-rRNA-based methods is necessary to allow a comprehensive study of anammox bacteria in their ecosystems. N) via the anammox reaction. This method has been used successfully to assess the contribution of anammox to nitrogen conversions in marine and estuarine environments such as the oxygen minimum zones in the Black Sea and Golfo Dulce, where the numbers of anammox cells are low (8, 20, 46, 49) .
NON-rRNA-BASED INDICATORS FOR THE PRESENCE AND ACTIVITY OF ANAMMOX BACTERIA
Anammox bacteria have unique lipids (38, 54) that can be used as biomarkers for the presence of anammox cells in the environment (20, 36) . The ladderane lipids are especially suitable, but anammox bacteria also produce characteristic, branched fatty acids (38) . Recently, it has been found that anammox bacteria also produce a variety of hopanoids (39) . Anammox bacteria are the first strict anaerobes that have been shown to biosynthesize these bacterial membrane rigidifiers. Lipids from anammox bacteria are characterized by substantially lower 13 C content than their carbon source (36, 37) . The 13 C content of ladderane and other lipids is approximately 45‰ depleted compared to their carbon source, whereas lipids from other autotrophic organisms generally are 20 to 30‰ depleted. The isotopic composition of anammox lipids in en-FIG. 1. (A) 16S rRNA gene-based phylogenetic tree reflecting the relationship of "Ca. Scalindua," "Ca. Brocadia," and "Ca. Kuenenia" to other Planctomycetes and other reference organisms. Tree reconstruction was performed by maximum likelihood analysis with a 50% conservation filter for Bacteria. Neighbor-joining and maximum parsimony analysis with different conservation filters verified the tree topology. The triangles indicate phylogenetic groups. The bar indicates 10% sequence divergence. (B) 16S rRNA gene-based phylogenetic tree reflecting the relationship of "Ca. Scalindua brodae," "Ca. Scalindua sorokinii," "Ca. Scalindua wagneri," "Ca. Brocadia anammoxidans," and "Ca. Kuenenia stuttgartiensis" to other sequences (given as GenBank accession numbers) derived from environments and bioreactors performing the anammox reaction. Tree reconstruction was performed by maximum likelihood analysis with a 50% conservation filter for Planctomycetes. Neighbor-joining and maximum parsimony analysis with 50% conservation filters for Bacteria and Planctomycetes verified the tree topology. The bar indicates 10% sequence divergence.
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vironmental samples can thus be an additional confirmation of their origin. The conversion of hydroxylamine to hydrazine is a unique reaction catalyzed by anammox bacteria (51) , which can also be used specifically to detect anammox activity in environmental samples (36) . Because this assay requires rather high anammox cell numbers, it can only be used in samples where anammox bacteria forms a substantial part (10 to 20%) of the microbial population (36) . If anammox bacteria are present in such high numbers, and this is really the case in some habitats (32) , anammox activity can also be directly assessed by measuring the simultaneous consumption of ammonium and nitrite under anoxic conditions (25, 50) or the pressure exerted by the nitrogen gas produced in the anammox reaction (9) .
In the future, anammox bacteria might also be detected in environmental samples via immunofluorescence with antibodies raised against anammox-specific proteins, e.g., hydroxylamine oxidoreductase (33) . A genomics project on "Candidatus Kuenenia stuttgartiensis" is under way and will reveal more anammox-specific genes and proteins, which could be exploited as specific targets for antibodies in future experiments.
Recently very sensitive biosensors for online nitrite monitoring have become available (16, 27) , making the sensitive detection of anammox activity in reactor systems or sediments possible (32) .
16S rRNA-BASED PHYLOGENY OF ANAMMOX BACTERIA
In 1999 the first 16S rRNA sequence of an anammox organism, "Ca. Brocadia anammoxidans," was placed within the phylum Planctomycetes (42) . In the past three years, many surveys of wastewater treatment systems as well as marine samples have been completed. Thereby, the anammox organisms "Ca. Kuenenia stuttgartiensis," "Ca. Scalindua sorokinii," "Candidatus Scalindua brodae," and "Candidatus Scalindua wagneri" have been discovered, and their 16S rRNA sequences are known ( Fig. 1A and B) (20, 34, 36) . Phylogenetic analysis of these new anammox 16S rRNA sequences has shown that these bacteria form a monophyletic branch within the phylum Planctomycetes (Fig. 1 ). This branch consists of three distinct genera with about 90% 16S rRNA sequence similarity to each other ( Fig. 1A) (34, 36) . The low 16S rRNA sequence similarities of anammox organisms to other genera of the Planctomycetes such as Gemmata, Isosphaera, Planctomyces, or Pirellula (below 80%) suggest that the anammox branch might be a second order within the Planctomycetes. However, the peculiarity of long phylogenetic distances between individual members of the Planctomycetes remains to be solved. There is no indication of a single dramatic evolutionary event, because both the length of the stem and the length of the branches of the planctomycete phylogenetic tree are within the range found in other bacterial groups. The theory that Planctomycetes are an old lineage (4) may be a good alternative explanation, because the organisms would have had more time to evolve into well-separated individual genera. The architecture of the planctomycete ribosome could also play a role. It might be less sensitive to changes, which would allow the 16S rRNA genes of individual species and genera to drift further apart. Hopefully, genome comparisons of several planctomycetes (Rhodopirellula baltica, Gemmata obscuriglobus, and "Ca. Kuenenia stuttgartiensis") will help to solve these phylogenetic questions. Doubtless, Planctomycetes and especially anammox organisms are able to deal with changes in the rRNA operon structure as well as insertion and deletion in their rRNA genes. Most importantly, while members of the genera Planctomyces, Pirellula, and Gemmata have genomically separated rRNA genes (56), anammox organisms do possess linked 16S and 23S rRNA genes (35) . Thus, the 16S rRNA and the 23S rRNA are transcribed together with their ISR, which can serve as a target for fluorescence in situ hybridizations (see below). Furthermore, the 16S rRNA gene of members of the genera "Ca. Kuenenia" and "Ca. Brocadia" contain an insertion of 20 nucleotides located within helix 9 (beginning at Escherichia coli position 158). A secondary structural analysis led to the prediction of the two new subhelices 9a and 9b (35) . The existence of the 9a and 9b helices in the mature 16S rRNA was shown by FISH analysis with the probe S-S-Kst-0157-a-A-18 and probe S-S-Ban-0162-a-A-18, respectively. Interestingly, this insertion is absent from all other 16S rRNA gene sequences in the ARB database (about 28,000 entries as of March 2004; www .arb-home.de). The only exception is a 14-bp insertion in one 16S rRNA gene sequence derived from an industrial wastewater treatment plant and affiliated with a different branch of Planctomycetes (21) .
DETECTION OF ANAMMOX ORGANISMS BY PCR
In environmental samples, PCR amplification with general 16S rRNA gene-targeted primers and subsequent phylogenetic analysis of the product is the method of choice to detect previously undescribed organisms (3). In the anammox case this approach is useful if the presence of a new anammox organism is expected or if the cell counts are too low for FISH. However, planctomycetes such as anammox organisms are still underrepresented in general 16S rRNA gene clone libraries. One explanation could be a reduced recovery of anammox DNA by the applied DNA extraction method, as was observed earlier for aerobic ammonia oxidizing bacteria (18) . Additionally, PCR amplification might also introduce biases in the anammox template-to-product ratio (see reference 28). A more directed PCR approach with the primer S-P-Planc-0046-a-a-18 (Pla46F, a planctomycete-specific forward primer) ( Table 1) together with either the reverse primers 1390R (E. coli positions 1390 to 1407; 5Ј-GACGGGCGGTGTGTACAA-3Ј) (34, 57) or 630R (E. coli positions 1529 to 1545; 5Ј-CAKAAAGGAGGTGAT CC-3Ј) (18, 36) increased relative amounts of planctomycete 16S rRNA gene sequences. Still, these primer pairs and the subsequent cloning procedure did not yet yield a quantitative representation of anammox bacteria in the various samples investigated (11, 20, 30, 34, 36) . In a semitechnical plant in Stuttgart, Germany, in which the abundance of anammox organisms was 99% of the planctomycete population and over 40% of the bacterial population, even with the planctomycetespecific primer pair Pla46F/1390R, just 9 clones out of 25 carried anammox 16S rRNA genes (34) . Therefore, primers specific for the amplification of the 16S rRNA genes of anammox organisms are required. For this purpose some anammox-specific FISH probes have been successfully applied as PCR primers (Table 1) . Most effective are the combinations of VOL. 71, 2005 MINIREVIEWthe primer S-P-Planc-0046-a-a-18 (forward primer) with either the reverse primer S-*-Amx-0820-a-A-22 for Brocadia-like bacteria, reverse primer S-*-BS-820-a-A-22 and reverse primer S-*-Scabr-1114-a-A-22 for Scalindua-like bacteria, or reverse primer S-*-Amx-0368-a-A-18 for all known anammox bacteria (34) (35) (36) . They can all be used at an annealing temperature range of 56 to 58°C (for a PCR program, see reference 11 or 34). The combination of the forward primer S-P-Planc-0046-a-a-18 and reverse primer Amx-0368-a-A-18 has been tested with 10 different wastewater treatment plant samples, 5 of which yielded an amplification product of anammox 16S rRNA genes. The specificity of the PCR with these primers is excellent. Subsequent phylogenetic analysis showed that only anammox 16S rRNA genes were amplified. By applying the different sets of primers described above, it is thus possible to distinguish between the different groups of anammox organisms. The application of these primer pairs could be extended to various kinds of PCR-based methods such as denaturing gradient gel electrophoresis, terminal restriction fragment length polymorphisms, or quantitative PCR. However, since more and more genera and species responsible for anammox are being discovered, it is strongly recommended that PCR products be tested by either direct sequencing or dot blot analysis with 16S rRNA-specific probes to confirm their phylogenetic affiliations.
FISH AS THE GOLD STANDARD FOR THE DETECTION OF ANAMMOX ORGANISMS
In various studies probes for FISH have been used to collect both qualitative and quantitative data of anammox bacteria in environmental samples (15, 34, 36) . Since anammox organisms are affiliated with Planctomycetes, the probe S-P-Planc-0046-a-A-18 (Table 1) (26) , which also hybridizes with the 16S rRNA gene of anammox bacteria, is a good probe for initial experiments. However, it should be explicitly noted that the probe S-P-Planc-0886-a-A-19, specifically constructed to detect members of the genera Pirellula, Gemmata, Planctomyces, and Isosphaera, does not hybridize with the 16S rRNA of anammox organisms or any other environmental clone with a phylogenetic position between the described planctomycete genera and anammox. In addition probe S-D-Bact-0338-a-A-18 (2), which targets the 16S rRNA of almost all Bacteria, has mismatches to the respective target site of members of the phylum Planctomycetes. In 1999 the substitute probe S-D-Bact-0338-b-A-18 was constructed with two nucleotide substitutions in the sequence of the original probe S-D-Bact-0338-a-A-18 (7). However, the 16S rRNAs of Isosphaera and anammox organisms have only one mismatch to the probe S-D-Bact-0338-a-A-18, which results in a weak hybridization signal for Isosphaera and anammox organisms with this probe (34) . We suggest that the probe S-D-Bact-0338-d-A-18 (Table 1 ) be used as a general probe, as it has no mismatch to the 16S rRNAs of Isosphaera and anammox organisms. A specific detection of anammox bacteria in environmental samples was initially performed in bioreactors and wastewater treatment plants. Most of these samples contained large amounts of a single strain of anammox bacteria (to a maximum of about 50%) (15, 34) , which were affiliated with "Ca. Kuenenia" and "Ca. Brocadia." Consequently, the majority of the initial probes designed for the detection of anammox organisms targeted either "Ca. Brocadia" or "Ca. Kuenenia" (Table  1) (34, 35, 42) . Probe S-*-Amx-0820-a-A-22 as an exception hybridized with the 16S rRNA of both. To distinguish between the two genera, probes targeting helices 9a and 9b, which are unique for both "Ca. Kuenenia" and "Ca. Brocadia," proved to be very suitable (Table 1 , probe S-S-Kst-0157-a-A-18 and probe S-S-Ban-0162-a-A-18) (35). Probe S-*-Kst-1275-a-A-20 (Table 1) , which was specific for the 16S rRNA of "Ca. Kuenenia stuttgartiensis," was only slightly better than S-S-Kst-0157-a-A-18 (35) in terms of signal strength at its highest stringency of 25% formamide in the hybridization buffer ( Fig. 2A) . Finally, the 23S rRNA targeting probe L-*-Amx-1900-a-A-21 was constructed to specifically detect the 23S rRNA of "Ca. Brocadia" and "Ca. Kuenenia" (35) .
The recent discovery of members of the anammox genus "Ca. Scalindua" in a landfill leachate treatment plant in Pitsea (England) (36) and in marine environments (20, 32) showed that the probes constructed for "Ca. Kuenenia" and "Ca. Brocadia" were not sufficient to detect all anammox bacteria. Consequently, probe S-G-Sca-1309-a-A-21, probe S-*-Scabr-1114-a-A-22, and probe S-*-BS-820-a-A-22 (Table 1) were constructed to specifically detect the different 16S rRNAs of "Ca. Scalindua species" (20, 36) . Though probe S-*-Amx-0820-a-A-22 does not target the 16S rRNAs of "Ca. Scalindua" in general, it did hybridize in some cases with the 16S rRNAs of "Ca. Scalindua" cells (data not shown), if probe S-*-BS-820-a-A-22 was not used as a competitor. Therefore, it is recommended probe S-*-Amx-0820-a-A-22 and FIG. 2. (A) FISH of an anammox enrichment sample from a 2L laboratory reactor containing mostly "Ca. Kuenenia stuttgartiensis" with probe S-*-Kst-1275-a-A-20 (labeled with Cy3; red) and probe S-*-Amx-0820-a-A-22 (labeled with Cy5; blue). Overlapping red and blue labels result in purple "Ca. Kuenenia stuttgartiensis" cells. Remaining blue cells might be another type of anammox bacteria. Autofluorescence is depicted in green. (B) FISH of an anammox biomass sample containing "Ca. Scalindua" with probe S-*-Amx-0368-a-A-18 (labeled with Cy3; red), probe S-*-BS-820-a-A-22 (labeled with Fluos; green), and the Eub probe mix (7) (labeled with Cy5; blue). Overlapping red, green, and blue labels result in anammox organisms that appear yellow-white. (C) ISR-FISH of an anammox enrichment sample from a 2-liter laboratory reactor containing "Ca. Brocadia anammoxidans" with the probe mix targeting the ISR of "Ca. Brocadia anammoxidans" (labeled with Cy3; red) and probe S-*-Amx-0820-a-A-22 (labeled with Cy5; blue). Overlapping red and blue labels result in anammox organisms that appear purple.
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probe S-*-BS-820-a-A-22 be applied together (differently labeled) with a minimal stringency of 30% formamide in the hybridization buffer. Additionally, probe S-*-Amx-0368-a-A-18 was designed to detect the 16S rRNAs of all anammox species (Fig. 2B ) (36) . Further probe details can be found at the probeBase (23) website (www.microbial-ecology.net/probebase). The application of the probes specific for "Ca. Scalindua species," revealed that the plant in Pitsea is exceptional so far, since it is the only habitat that contains two different anammox species ("Ca. Scalindua wagneri" and "Ca. Scalindua brodae") (36) in almost equal amounts. Most importantly, the detection of "Ca. Scalindua species" in marine environments with FISH probes has shown the important role of anammox bacteria in the global nitrogen cycle (20, 32) .
ASSESSMENT OF THE METABOLIC ACTIVITY OF ANAMMOX BACTERIA BY ADVANCED FISH APPROACHES
FISH as outlined above delivers qualitative and quantitative data about the bacterial population in a sample. To gain more insights into the metabolic activity of anammox organisms and still use the high potential of FISH, two advanced FISH approaches are available.
One of these approaches uses FISH targeting the ISR between the 16S and 23S rRNA (35) . For many fast-growing organisms it has been shown that the FISH signal intensity is directly proportional to the concentration of ribosomes and precursor-rRNA molecules in the cells (see reference 29). However, for betaproteobacterial ammonia oxidizing bacteria and anammox organisms, it has been shown that ribosome content does not decrease significantly during periods of starvation (24) or inhibition (35, 55) . This property is most likely linked to their rigid and specialistic obligate chemolithotrophic way of life, which includes extreme resistance to starvation. Thus, the cellular rRNA content does not reflect the physiological activity of these organisms. For these slowly growing bacteria, the precursor rRNA concentrations are a direct measure of the ribosome turnover rate (Ϸgrowth rate) in the cells (6) . To learn more about the in situ activity of anammox organisms, the ISR between the 16S rRNA and 23S rRNA has been targeted with fluorescently labeled oligonucleotide probes. This sequence stretch is only present in precursor rRNA and not in mature ribosomes (35) . However, a single oligonucleotide probe is not bright enough for the detection of the ISR in anammox organisms. Sufficient signal amplification can only be achieved by simultaneous application of four probes targeting the ISR (35) . It has been shown with the ISR-targeted probes that anammox organisms indeed immediately arrest their metabolism when they are exposed to oxygen (17, 35) . A variety of experiments with ISR-targeting probes have been performed with other samples (Fig. 2C) , which showed that the ISR-targeted FISH (ISR-FISH) has great potential for monitoring activity changes in enrichment   FIG. 3 . MAR-FISH (22) . Panels A to C present the results of one experiment. The MAR signal is shown in the first column; the other two columns give FISH images of the same area and indicate the probes that were used. Probe AMX820 (S-*-Amx-0820-a-A-22) and probe Pla46 (S-P-Planc-0046-a-A-18) are listed in Table 1 . Details for probe Neu can be found at the ProbeBase website (23) . Shown are the labeling patterns of a mixed culture containing "Ca. Kuenenia stuttgartiensis" (30 to 40%) and Nitrosomonas eutropha (30 to 40%) after aerobic incubation with ammonium (A), of the same culture after anaerobic incubation with ammonium and nitrite (B), and of an enrichment culture of "Ca. Kuenenia stuttgartiensis" (70 to 80%) after 24-h labeling in a continuous setup, under nitrite limitation (C).
cultures of anammox bacteria and ecosystems. Therefore, this method would also be very suitable for the effective monitoring of anammox activity during the startup of a reactor. However, a disadvantage of this approach is the lack of evolutionary pressure on the ISR sequences, which might cause even two strains of the same species to have sequence differences. Therefore, the two sets of ISR probes that are available for "Ca. Brocadia anammoxidans" and "Ca. Kuenenia stuttgartiensis" hardly allow a comprehensive application of ISR-FISH. This means that new probes have to be designed for each specific ecosystem.
The FISH-MAR combination (22) is a more general method for the determination of the metabolic activity of anammox organisms. FISH-MAR directly links the uptake of radiolabeled substrates with specific organisms in a complex environmental sample.
FISH-MAR experiments have been helpful to demonstrate that anammox bacteria are chemolithoautotrophs, which incorporate carbon dioxide as the main carbon source (17) . Because anammox bacteria are not available in pure culture, FISH-MAR has been useful in excluding the possibility that other bacteria in the enrichment culture were responsible for the carbon dioxide uptake measured in mass balances over these cultures (41) . For successful FISH-MAR with anammox bacteria, it is sometimes necessary to incubate the culture with the radiolabeled carbon dioxide in a continuous cultivation setup (Fig. 3C) . In batch experiments the amount of incorporation has not always been sufficient for FISH-MAR.
Good uptake of radiolabel in batch experiments is possible with cocultures of anaerobic and aerobic ammonium oxidizers (40, 47) . These cultures can be incubated both aerobically to measure carbon dioxide uptake by nitrifiers and anaerobically to measure carbon dioxide uptake by the anammox bacteria ( Fig. 3A and B) .
FISH-MAR can be applied successfully with the very slow growing anammox bacteria. However, due to the long incubation times necessary for sufficient incorporation of the label, the results may not always reflect the physiological state of the organisms at the time of sampling. The problem can be overcome with ISR-FISH.
CONCLUSION
A range of suitable methods is available for the detection and enumeration of anammox bacteria and their activity in natural and man-made ecosystems. For a proper evaluation of the contribution of the anammox process to nitrogen cycling in a particular habitat, the combination of different (rRNA and non-rRNA) methods is necessary. Primers for FISH have to be chosen wisely and in a nested approach to ensure the correct enumeration and identification of the anammox bacteria present. FISH-MAR and ISR probing are advanced techniques that make possible the measurement of activity and growth at the single-cell level.
